The Epstein-Barr virus (EBV) latent membrane protein 2A (LMP2A) functions to maintain latency in EBV-infected B lymphocytes. Although LMP2A is nonessential for the immortalization of B lymphocytes by EBV, its expression in B lymphocytes prevents viral reactivation by blocking B-cell receptor activation and signaling. LMP2A also provides an antiapoptotic signal in transgenic mice that express LMP2A in B lymphocytes. LMP2A activates phosphatidylinositol 3-kinase (PI3K) and the serine/threonine kinase Akt in lymphocytes and epithelial cells. Here we show that EBV LMP2A activates the PI3K and ␤-catenin signaling pathways in telomerase-immortalized human foreskin keratinocytes (HFK). LMP2A activated Akt in a PI3K-dependent manner, and the downstream Akt targets glycogen synthase kinase 3␤ (GSK3␤) and the Forkhead transcription factor FKHR were phosphorylated and inactivated in LMP2A-expressing HFK cells. GSK3␤ is a negative regulator of the Wnt signaling pathway, and inactivation of GSK3␤ by LMP2A signaling led to stabilization of ␤-catenin, the central oncoprotein of Wnt signaling. In LMP2A-expressing cells, ␤-catenin accumulated in the cytoplasm and translocated into the nucleus via a two-step mechanism. The cytoplasmic accumulation of ␤-catenin downstream of LMP2A was independent of PI3K signaling, whereas its nuclear translocation was dependent on PI3K signaling. In the nucleus, ␤-catenin activated a reporter responsive to T-cell factor, and this activation was augmented by LMP2A coexpression. The Wnt pathway is inappropriately activated in 90% of colon cancers and is dysregulated in several other cancers, and these data suggest that activation of this pathway by LMP2A may contribute to the generation of EBV-associated cancers.
Epstein-Barr Virus (EBV) is an important human tumor virus that is causally associated with several human malignancies and can efficiently immortalize primary B lymphocytes after infection in vitro (24, 27, 52) . Cancers linked to EBV include lymphomas that develop in the immunocompromised, a subset of Hodgkin's disease, endemic Burkitt's lymphoma, and the epithelial malignancy nasopharyngeal carcinoma (NPC) (44) . EBV is strongly associated with NPC, where it is consistently detected in samples from areas of high and low incidence. EBV infection in NPC is latent, and the tumor cells contain the episomal form of the viral genome (42, 43) . Specific viral gene products are consistently expressed in NPC, including EBNA1, latent membrane protein 1 (LMP1) and LMP2, and a series of transcripts of the BamHI-A region of the genome. Expression of the EBV oncoprotein, LMP1, is essential for the immortalization of B lymphocytes in vitro, and LMP1 can transform rodent fibroblasts (27) . LMP1 is often coordinately expressed with LMP2A, and transcription of both genes is consistently detected in NPC (3, 4) . In addition, NPC patients have high titers of antibodies against LMP2A, which suggests its expression at the protein level (30) .
Although LMP2A is not essential for the immortalization of B lymphocytes by EBV, its expression in B cells plays a major role in the maintenance of latent infection (31, 34) . LMP2A blocks B-cell receptor signaling, thereby preventing activation of the resting lymphocyte that leads to reactivation of the virus' lytic cycle (34, 35) . In addition, LMP2A induces constitutive activation of survival pathways involving phosphatidylinositol 3-kinase (PI3K) and the serine/threonine kinase Akt, and activation of these pathways contributes to the survival of LMP2A-expressing B lymphocytes (53) . In LMP2A transgenic mice, B lymphocytes that lack a functional B-cell receptor are able to bypass normal checkpoints in B-cell development, escape apoptosis, and survive in the periphery (5) .
In order to determine the possible contribution of LMP2A to the development of epithelial malignancies, analysis of the effects of LMP2A expression and signaling in epithelial cells is needed. In the human keratinocyte cell line HaCaT, LMP2A expression induced activation of PI3K with subsequent phosphorylation and activation of Akt (47) . Epithelial differentiation was inhibited when the LMP2A-expressing HaCaT cells were grown in organotypic raft cultures. The cells also displayed anchorage-independent growth, which was inhibited by treatment with PI3K inhibitors and, therefore, was dependent upon PI3K signaling. When injected into nude mice, LMP2Aexpressing HaCaT cells gave rise to aggressive, poorly differentiated, and highly metastatic tumors (47) . These tumors abundantly expressed LMP2A and contained high levels of the phosphorylated, activated form of Akt. These data suggest that LMP2A may similarly affect this PI3K/Akt pathway in the development of malignancies associated with EBV, such as NPC, in which the LMP2A transcript is present in abundance.
In both B lymphocytes and HaCaT cells, LMP2A signaling leads to Akt activation (47, 53) . Akt is fully active when phosphorylated at Thr308 and Ser473, and this occurs after recruitment of Akt to the plasma membrane via interaction of its pleckstrin homology domain with 3Ј-phosphoinositides gener-ated by activated PI3K (2) . Targets of activated Akt include several proapoptotic proteins such as the Forkhead family of transciption factors, Bad, and procaspase 9 (2) . These and other proapoptotic proteins are inactivated upon phosphorylation by Akt, indicating a prominent role for Akt in cell survival. In addition, Akt functions in glucose metabolism. Activated Akt phosphorylates and activates 6-phosphofructo-2-kinase, an enzyme involved in the regulation of glycolysis, and Akt phosphorylates and inactivates glycogen synthase kinase 3␤ (GSK3␤), a serine/threonine kinase that contributes to the regulation of glycogen metabolism (8, 11) .
In addition to its role in metabolism, GSK3␤ functions in the Wnt signaling pathway, which is dysregulated in over 90% of human colon cancers (40, 57) . GSK3␤ exists in a cytoplasmic complex with the tumor suppressors adenomatous polyposis coli (APC) and axin and the proto-oncogene ␤-catenin. In the absence of a Wnt signal, GSK3␤ constitutively phosphorylates ␤-catenin, leading to its ubiquitination and proteasome-mediated degradation (38) . In the presence of a Wnt signal, the Disheveled (Dvl) protein is activated, and Dvl signaling leads to a block in the ability of GSK3␤ to associate with and phosphorylate ␤-catenin. As a result, ␤-catenin is stabilized, accumulates in the cytoplasm, and translocates into the nucleus. In the nucleus, ␤-catenin interacts with members of the T-cell factor (TCF)/lymphoid enhancer factor (LEF) family of transcription factors to activate expression of target genes such as CCND1 (cyclin D1) and c-myc (22, 50, 55) . Constitutive nuclear ␤-catenin and expression of TCF/LEF target genes are hallmarks of the vast majority of colon cancers that have inappropriate activation of the Wnt pathway. APC and axin are considered tumor suppressor genes due to their inhibitory effects on this pathway, whereas the Wnt ligand protein and ␤-catenin have been shown to have oncogenic capacity (28, 40) . Mutations affecting the GSK3␤ phosphorylation sites on ␤-catenin or mutations in APC, which also affect ␤-catenin turnover, have frequently been identified in colon, prostate, and skin cancers, as well as in medulloblastomas and hepatocellular carcinomas (38, 40) . In carcinomas that lack mutations in APC or ␤-catenin, mutations in axin have frequently been identified, indicating that constitutive activation of this pathway can occur through multiple genetic events (1, 9, 45, 54) .
A link between Akt activation and its effects on GSK3␤ and ␤-catenin activation has been demonstrated in some cell systems (12, 20, 21, 37, 46, 49) . In some fibroblast cell lines, inactivation of GSK3␤ induces translocation of ␤-catenin to the nucleus with activation of TCF/LEF mediated transcription (51) . In contrast, in NIH 3T3 cells or T lymphocytes, inactivation of GSK3␤, by treatment with lithium chloride or by phosphorylation induced by constitutively activated Akt, did not affect ␤-catenin localization or TCF/LEF transcription (51, 59) .
To further characterize the effects of LMP2A expression in epithelial cells on Akt activation and potential effects on ␤-catenin, LMP2A was expressed in a normal epithelial cell line derived from foreskin epithelial cells immortalized with the catalytic subunit of telomerase, denoted human foreskin keratinocytes (HFK) (15) . In these cells, LMP2A expression induced phosphorylation and activation of Akt via PI3K signaling. The phosphorylated Akt was functional, as demonstrated by the phosphorylation of Akt targets GSK3␤ and the Forkhead family member FKHR. To determine whether the LMP2A-mediated effects on PI3K, Akt, and GSK3␤ affected the regulation of ␤-catenin and Wnt signaling in epithelial cells, this pathway was analyzed in LMP2A-expressing HFK cells. LMP2A expression resulted in dramatically increased levels of ␤-catenin in the cytoplasm and increased translocation of ␤-catenin to the nucleus. The translocated ␤-catenin was functional and, in reporter assays with a TCF-responsive reporter, LMP2A increased activation of the reporter by ␤-catenin. These data reveal that a human tumor virus protein activates the Wnt/␤-catenin pathway through effects on PI3K, Akt, and GSK3␤. The activation of the PI3K and ␤-catenin pathways by LMP2A suggests that activation of these pathways may be an important factor in the generation of EBV-associated epithelial cancers.
MATERIALS AND METHODS
Cell culture and retrovirus. HFK cells (15) were maintained in keratinocyte serum-free medium (K-SFM) supplemented with 0.2 ng of epidermal growth factor (EGF)/ml, 30 g of bovine pituitary extract (BPE)/ml, and 1% antibioticantimycotic solution (Gibco). HEK 293 cells were maintained in Dulbecco modified Eagle medium (Gibco) supplemented with 10% fetal bovine serum and 1% antibiotic-antimycotic solution. HFK and 293 cells were grown in a humidified incubator at 37°C with 5% CO 2 . To generate stable cell lines, recombinant retroviruses expressing either vector pBabe or pBabe subcloned with hemagglutinin (HA)-tagged LMP2A were generated as previously described and used to transduce HFK cells (47) . A stable pool of HFK cells expressing either pBabe or pBabe-LMP2A was selected in the presence of 0.5 g of puromycin (Sigma)/ml. Plasmids, preparation of lysates, and fractionations. Plasmids used for transient transfections included pSG5 (Stratagene), pcDNA3-Hyg (Invitrogen), pLMP2A-HA encoding HA-tagged LMP2A (16), XE28 encoding ␤-catenin and XE69 encoding green fluorescent protein (GFP)-tagged ␤-catenin (gifts from Randall T. Moon [36] ), pSV-␤-galactosidase (Promega), and pTOPFlash (pGL3-OT) and pFOPFlash (pGL3-OF) containing the luciferase gene under the control of a promoter with four wild-type or mutant TCF-responsive sites, respectively (gifts from B. Vogelstein [22] ). Transfections were performed with FuGENE 6 (54) according to the manufacturer's instructions. Whole-cell lysates were prepared 48 h posttransfection by using Nonidet P-40 (NP-40) lysis buffer containing 50 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 10% glycerol, 1% NP-40, 0.4 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM sodium vanadate (Na 3 VO 4 ), and protease and phosphatase inhibitor cocktails (Sigma). Where indicated, cells were incubated with the PI3K inhibitor LY294002 (25 to 50 M; Calbiochem) or dimethyl sulfoxide (DMSO; Sigma) vehicle control for 24 h prior to harvesting. Fractionations were performed by using OptiPrep (Gibco), as adapted from the manufacturer's protocol. Briefly, cells were resuspended in buffer A (20 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, 0.5 mM PMSF, 1 mM Na 3 VO 4 , protease and inhibitor cocktails at 1:100) with 1% NP-40. Crude nuclei were pelleted at low speed, and the cytosolic fractions were extracted. Nuclei were purified over an OptiPrep gradient with 25, 30, and 35% layers and then lysed with hypotonic NE buffer (20 mM Tris-HCl, 400 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 25% glycerol, 0.5 mM PMSF, 1 mM Na 3 VO 4 , and protease and phosphatase inhibitor cocktails at 1:100).
Western blot analysis and antibodies. Protein concentrations were determined with the Bio-Rad DC protein assay system (Bio-Rad). Lysates were boiled in sodium dodecyl sulfate (SDS) buffer for 5 min and subjected to SDS-7.5% polyacrylamide gel electrophoresis. Proteins were transferred to Optitran nitrocellulose membrane (Schleicher & Schuell) in a Bio-Rad transfer unit, and Western blot analysis was performed. The antibodies used included anti-HA, anti-actin, anti-GRP78, and anti-TCF-4 from Santa Cruz; anti-Akt, anti-phospho-Akt Ser473, anti-phospho-FKHR Ser256, and anti-phospho-GSK3␤ Ser9 from Cell Signaling; anti-␤-catenin (Transduction Laboratories); anti-GFP (Living Colors); and anti-GSK3 (Upstate Biotechnology). Horseradish peroxidasetagged secondary antibodies (Amersham Biosciences and Dako) and the Pierce SuperSignal West Pico System (Pierce) were used to detect antibody-bound proteins. Densitometry was performed by using Image J software (National Institutes of Health [NIH]), and values were normalized to actin levels.
Immunofluorescence. HFK cells were plated onto chamber slides and transfected with vector, vector with XE69 (GFP-tagged ␤-catenin), or pLMP2A-HA with XE69. Three hours prior to fixation, a subset of the cells was stimulated with VOL. 77, 2003 ACTIVATION OF ␤-CATENIN SIGNALING BY EBV LMP2A 12277 10 mM LiCl, an inhibitor of GSK3␤. Cells were rinsed with phosphate-buffered saline (PBS) and fixed in ice-cold methanol-acetone for 5 min at Ϫ20°C. Cells were blocked in 10% normal goat serum (NGS) in PBS and then incubated with anti-HA antibody (1:50; Santa Cruz) in 5% NGS in PBS for 1 h. After three 5-min washes in PBS, secondary antibody conjugated to Texas red (Jackson Laboratories) was used at a dilution of 1:100 in 5% NGS in PBS for 30 min. Staining with DAPI (4Ј,6Ј-diamidino-2-phenylindole) was performed at a concentration of 100 nM in PBS for 5 min to visualize nuclei. Slides were mounted by using Vectashield (Vector Laboratories) and viewed via fluorescent microscopy on a Zeiss Axioskop. Confocal microscopy was performed by using a Zeiss confocal laser scanning microscope. Luciferase assays. HEK 293 cells were transfected with TOPFlash or FOP-Flash reporter plasmids (22) , pSG5, XE28 (␤-catenin), pLMP2A-HA, and pSV-␤-galactosidase by using FuGENE 6 (54) . Cells were lysed in GLO lysis buffer (Promega) 48 h posttransfection, and luciferase assays were performed by using the Steady-Glo luciferase assay system according to the manufacturer's instructions. Each condition was performed in triplicate in two separate experiments, and luciferase activity was normalized to ␤-galactosidase activity to control for transfection efficiency. TOPFlash activities were normalized to FOPFlash values for each condition, and the data were graphed as the fold activation.
RESULTS

LMP2A signaling in telomerase-immortalized HFK cells leads to activation of the PI3K/Akt signaling pathway.
As previously shown, LMP2A expression and signaling in B lymphocytes and HaCaT cells induces activation of Akt in a PI3Kdependent manner (47, 53) . To determine whether LMP2A consistently activates Akt in epithelial cells, LMP2A was expressed in the normal HFK cell line (15) . Stable HFK cell lines expressing HA-tagged LMP2A in the pBabe vector or vector alone were established, and homogeneous pools were generated after selection. Immunoblot analysis confirmed LMP2A expression in the stable cell lines (Fig. 1A) . To investigate the activation status of Akt in these cells, the stable cells were grown to 90 to 95% confluency and then treated with 50 M LY294002 (LY), a PI3K inhibitor, or DMSO vehicle control for 24 h prior to harvest. Western blot analysis using a phosphospecific antibody against Ser473 was performed to detect activated Akt (Fig. 1B ). Akt is activated in LMP2A-expressing cells but not in control cells. The activation of Akt was inhibited by treatment with the PI3K inhibitor LY. These data indicate that Akt is activated in these cells by LMP2A in a PI3K-dependent manner.
To identify downstream effects of LMP2A-induced Akt activation in HFK cells, the phosphorylation status of known Akt targets was analyzed. Akt phosphorylates and inactivates several different proteins, including the Forkhead family member FKHR and GSK3␤ (2) . When Ser256 of FKHR is phosphorylated, it is sequestered in an inactive complex in the cytoplasm. GSK3␤ is also inactivated by phosphorylation on Ser9 by Akt. Using phospho-specific antibodies, immunoblot analyses revealed increased phosphorylation of the Akt targets GSK3␤ and FKHR in LMP2A-expressing cells relative to vector control cells that was sensitive to treatment with LY ( Fig.  2) . Interestingly, in the vector control cells, the baseline level of GSK3␤ phosphorylation was unaffected by LY treatment. This finding is consistent with the reported existence of additional kinases that can phosphorylate GSK3␤ independently of PI3K signaling. It is noteworthy, however, that the phosphorylation of GSK3␤ in LMP2A-expressing cells was sensitive to the PI3K inhibitor, indicating that PI3K signaling was responsible for the majority of GSK3␤ phosphorylation observed in these cells ( Fig. 2) . In summary, these data show that LMP2A expression in HFK cells leads to activation of Akt and phosphorylation of the Akt targets FKHR and GSK3␤ in a PI3K-dependent manner.
LMP2A signaling results in increased expression and nuclear accumulation of ␤-catenin. It is known that GSK3␤ binds to the axin complex, and it is thought that within this complex GSK3␤ phosphorylates ␤-catenin and targets it for ubiquitination and degradation (39) . Phosphorylation of GSK3␤ by Akt has been shown to inactivate GSK3␤ kinase activity (8) . However, GSK3␤ inactivation is not always linked to effects on ␤-catenin. For example, in CHO cells expressing insulin receptor (CHOIR) and 293 cells, GSK3␤ phosphorylation and inactivation by insulin signaling was not sufficient to induce ␤-catenin accumulation and activation of TCF/LEF-regulated transcription, whereas activation of Wnt signaling did not induce phosphorylation of GSK3␤ but did induce ␤-catenin accumulation and transcriptional activation (13) . To determine whether the effects of LMP2A on Akt and GSK3␤ in HFK cells affect the ␤-catenin/Wnt pathway, the status of ␤-catenin in HFK cells was investigated. HFK cells were transfected with vector, vector plus GFP-tagged ␤-catenin, or LMP2A plus GFP-␤-catenin. A subset of the cells was treated with the PI3K inhibitor LY (50 M) for 24 h, and nuclear and cytosolic extracts were analyzed for GFP-␤-catenin expression by immunoblot analysis with antibodies against GFP (Fig. 3) . Increased levels of GFP-␤-catenin expression were detected in the cytosol in the presence of LMP2A compared to the vectortransfected cells. Surprisingly, this increase in expression was not blocked by the PI3K inhibitor LY. To ensure that this increase in expression of the transfected GFP-␤-catenin was not due to effects of LMP2A on the heterologous human cytomegalovirus promoter that regulates expression of the transfected GFP-␤-catenin, reporter assays with ␤-galactosidase under the control of the cytomegalovirus promoter were performed. Cotransfected LMP2A did not affect expression levels or activity of the reporter, thereby confirming that LMP2A did not increase GFP-␤-catenin levels via transcriptional effects on the expression plasmid (data not shown).
Nuclear levels of GFP-␤-catenin were also greatly enhanced by expression of LMP2A, and this translocation was inhibited by LY treatment (Fig. 3) . These data indicate that LMP2A increases total levels of ␤-catenin independently of its effects on PI3K, whereas the LMP2A-induced increase in nuclear localization of ␤-catenin is dependent on PI3K activation. Although LMP2A is usually detected in the plasma membrane, we and others have detected LMP2A in the perinuclear region, and in these transfected cells, LMP2A was abundant in the nuclear fraction ( Fig. 3) (10, 32, 48 ). Immunoblot analysis with antibodies against GRP78, a protein localized to the endoplasmic reticulum (ER), was performed to attest to the purity of the nuclear preparations. A nuclear protein with a slightly smaller molecular weight was detected in the vector control of the anti-GFP immunoblot and in all channels upon longer exposure.
To determine whether LMP2A signaling also affects endogenous ␤-catenin levels, stable cell lines expressing pBabe or pBabe-LMP2A were treated with 25 M LY or vehicle control for 24 h and then fractionated. Western blot analysis with an antibody against ␤-catenin revealed increased cytosolic levels of ␤-catenin in LMP2A-expressing cells compared to control cells, and this increase was not blocked by LY treatment (Fig.  4) . Similar to the above data, the nuclei of the LMP2A-expressing cells also contained increased amounts of ␤-catenin on October 25, 2019 by guest http://jvi.asm.org/ relative to controls, and this increase in nuclear accumulation was inhibited by LY treatment. Densitometry was performed to quantify these effects, and levels of ␤-catenin were normalized to the corresponding actin levels. The fold activation relative to HFK Babe treated with DMSO was determined, and the nuclei of LMP2A-expressing cells contained a twofold increase in ␤-catenin levels relative to HFK Babe. After treatment with LY, the LMP2A-expressing and control cells contained approximately equal amounts of nuclear ␤-catenin, which was lower than the baseline levels of nuclear ␤-catenin of HFK Babe plus DMSO. These results indicate a PI3K signaling requirement for nuclear translocation of ␤-catenin. In addition, in these stable cells, the level of LMP2A expression was much lower than that observed in transient transfections, and LMP2A protein was not detected in the nuclear fraction of these cells. To confirm that LMP2A affected the levels of ␤-catenin protein and did not induce transcription of the ␤-catenin gene, RNase protection assays were performed with a probe specific for ␤-catenin mRNA. These assays revealed that LMP2A did not affect the levels of ␤-catenin mRNA (data not shown) and that the increase in ␤-catenin protein occurs posttranscriptionally.
LMP2A enhances expression and nuclear localization of GFP-␤-catenin.
To determine whether ␤-catenin nuclear translocation could be induced in HFK cells by inactivation of GSK3␤ and to confirm the immunoblot analyses, cells were transfected with GFP-␤-catenin and treated with lithium chloride (LiCl), a known inhibitor of GSK3␤, or were cotransfected with LMP2A (23). GFP expression was visualized by fluorescent microscopy, and nuclei were identified by DAPI staining.
Fluorescent microscopy revealed GFP-␤-catenin expression throughout the cytoplasm of the cell (Fig. 5A, left panel) . Pretreatment of the cells for 3 h with LiCl (10 mM) induced nuclear GFP-␤-catenin expression ( Fig. 5B, left panel) . These data reveal that in these cells there is a direct link between GSK3␤ inactivation and nuclear translocation of ␤-catenin. Similarly, in the LMP2A-expressing cells, there was an increase both in the nuclear accumulation of GFP-␤-catenin and intensity of expression of the protein (Fig. 5C, left panel) . LMP2A expression was in the perinuclear distribution pattern (Fig. 5C , middle panel) that was observed in the previous analysis of transient-transfection and fractionation data ( Fig. 3 ) and has been previously described in epithelial cells (10, 32, 48) . The intensity of GFP-␤-catenin expression and nuclear accumulation was proportional to the degree of LMP2A expression in the same cell. Analysis of the samples with confocal microscopy corroborated these findings and detected GFP-␤-catenin throughout the cell in vector cotransfected cells (Fig. 5D , left panel) and in the nucleus in LiCl-treated and LMP2A-cotransfected cells (Fig. 5D, middle and right panels) . These confocal analyses also confirmed that LMP2A was restricted to the perinuclear region and was not in the nucleus, whereas ␤-catenin was clearly localized within the nucleus. These data confirmed the fractionation and immunoblot data and indicate that LMP2A expression and the resultant inactivation of GSK3␤ directly affect ␤-catenin localization.
LMP2A coexpression enhances activation of a TCF-sensitive reporter by ␤-catenin. In the cell nucleus, ␤-catenin interacts with members of the TCF/LEF transcription factor family to activate expression of target genes such as c-myc and cyclin FIG. 4 . Stable LMP2A expression results in increased cytosolic and nuclear accumulation of endogenous ␤-catenin. HFK cells stably expressing HA-tagged LMP2A or Babe vector were deprived of supplements (EGF and BPE) and incubated with 25 M LY or DMSO control for 24 h prior to harvest and fractionation into cytosolic and nuclear components. Western blot analysis with an antibody that recognizes endogenous ␤-catenin was performed. Anti-HA, anti-GRP78, and anti-actin Western blots were included to show the corresponding LMP2A levels, attest to the purity of the fractionation procedure, and serve as a loading control, respectively. Densitometry with the Image J software was performed to normalize ␤-catenin levels to the corresponding actin levels. Fold increase (or decrease) of the normalized ␤-catenin values relative to the HFK Babe plus DMSO controls are indicated below the ␤-catenin immunoblot. (39) . To determine whether the increased nuclear ␤-catenin in LMP2A-expressing cells activates gene transcription, assays with a reporter plasmid that contains four TCF4-responsive sites upstream of the luciferase gene (TOPFlash) and the corresponding negative control plasmid with mutated TCF sites (FOPFlash) were used for luciferase assays in the readily transfectable HEK 293 cell line (22) . HEK 293 cells are frequently used for luciferase assays to assess activation of the Wnt pathway (6, 13, 22) . The reporters were cotransfected with vector, vector plus ␤-catenin, vector plus pLMP2A-HA, or pLMP2A-HA plus ␤-catenin. A plasmid encoding SV-␤-galactosidase was also included to normalize each assay for transfection efficiency. As expected, the negative control FOPFlash was not activated in any of the conditions, and TOPFlash values were normalized to the corresponding FOPFlash activity. Cotransfection with ␤-catenin activated the TOPFlash reporter approximately three to fourfold over the vector control, whereas cotransfection with LMP2A led to an approximate twofold increase over the vector control ( Fig. 6A) . Consistent with the effects of LMP2A on nuclear transport of ␤-catenin, cells cotransfected with LMP2A and ␤-catenin exhibited an approximate sixfold increase in TOPFlash luciferase activity ( Fig. 6A ). Immunoblot analysis confirmed the presence of transfected LMP2A and revealed equal levels of the TCF-4 transcription factor (Fig. 6B ). The addition of transfected ␤-catenin was less discernible due to the high endogenous levels of the protein in 293 cells (Fig. 6B) . These data reveal that LMP2A not only increases ␤-catenin expression levels and nuclear accumulation but also leads to enhanced activation of TCF-mediated transcription by ␤-catenin.
DISCUSSION
This study reveals that the EBV protein LMP2A activates PI3K/Akt signaling and the Wnt/␤-catenin signaling pathways in normal keratinocytes (HFK). Expression of LMP2A in HFK cells led to the PI3K-dependent phosphorylation and activation of Akt and the subsequent phosphorylation and inactivation of the Akt targets GSK3␤ and FKHR. Upon inactivation of the negative Wnt signaling regulator GSK3␤, ␤-catenin accumulated in the cytoplasm, translocated into the nucleus, and activated a TCF-responsive reporter.
Interestingly, the increase in cytosolic levels of ␤-catenin and its translocation into the nucleus occur via a two-step process downstream of LMP2A signaling. The increase in cytosolic ␤-catenin in LMP2A-expressing HFK cells is not dependent on PI3K signaling, since it is not inhibited by the PI3K inhibitor LY, and yet the nuclear translocation step does require PI3K signaling ( Fig. 3 and 4 ). In prototypical Wnt signaling, inhibition of GSK3␤ activity is followed by an increase in cytoplasmic ␤-catenin levels. This effect, however, is not dependent on the phosphorylation of Ser9 of GSK3␤ in all contexts. Ding et al. showed that both Wnt and insulin signaling in C57MG mammary epithelial cells and CHOIR cells led to inhibition of GSK3␤ kinase activity, but only insulin triggered increased phosphorylation at Ser9 (13) . Therefore, Wnt-mediated inhibition of GSK3␤ kinase activity is possibly due to disruption of protein-protein interactions. These data suggest the possible existence of two different pools of GSK3␤ that can be differentially regulated by various signaling pathways. Our finding that LY treatment of the control cells did not block phosphorylation of endogenous GSK3␤ and yet did block nuclear translocation of ␤-catenin also suggests the existence of two pools of GSK3␤ with different targets. Fukumoto et al. reported that Dvl, a member of the Wnt signaling pathway, stimulated Ser9 phosphorylation of GSK3␤ associated with the axin complex, likely through enhancing the association of activated Akt with the complex (18) . Furthermore, Gas6 signaling through the Axl receptor tyrosine kinase in C57MG cells led to increased phosphorylation of both Akt and GSK3␤ (at Ser9), and this was accompanied by an increase in cytosolic ␤-catenin levels FIG. 6. LMP2A augments activation of the TOPFlash luciferase reporter by ␤-catenin. (A) 293 cells were transfected with SV-␤-galactosidase and either TOPFlash or FOPFlash plus vector, ␤-catenin, LMP2A, or ␤-catenin with LMP2A. TOPFlash contains four consensus TCF-4 binding sites in a promoter driving expression of the luciferase gene, and FOPFlash is an analogous construct with the four TCF-4 sites mutated. Transfections and assays were performed in triplicate in two separate experiments, and luciferase activity was normalized to ␤-galactosidase activity to control for transfection efficiency. The data are presented graphically as TOPFlash activity normalized to FOPFlash activity for each of the indicated conditions. (B) Immunoblot analyses were performed on the lysates used in the luciferase assay described above. Antibodies against HA confirm the presence of transfected HA-tagged LMP2A. Transfected and endogenous ␤-catenin levels were revealed with an anti-␤-catenin antibody, and immunoblot with an antibody against TCF-4 attested to equal levels of this transcription factor in the transfected 293 cells. (20) . These studies and others suggest that a high level of complexity exists within the Wnt pathway and that other signaling pathways cross-regulate it in particular cellular contexts or in response to specific stimuli. GSK3␤ seems a likely candidate at which signaling pathways such as the Wnt and PI3K pathways might converge in some circumstances.
Although the cytosolic increase in ␤-catenin levels downstream of LMP2A signaling in HFK cells was not dependent on PI3K signaling, the nuclear translocation of ␤-catenin required PI3K activation and signaling, as has also been suggested by several previous studies. In murine B cells, cytoplasmic and nuclear ␤-catenin levels increased upon B-cell receptor engagement via a PKC-dependent mechanism, and inhibition of PI3K signaling by treatment with LY or wortmannin inhibited nuclear ␤-catenin accumulation (7) . In addition, treatment of human alveolar macrophages with lipopolysaccharide led to nuclear accumulation and transcriptional activity of ␤-catenin, and these effects were inhibited by LY (37) . These reports, in addition to the experiments presented here, indicate that PI3K signaling is essential for nuclear import of ␤-catenin. It is unclear, however, at what stage of nuclear translocation this regulation occurs and what downstream PI3K signaling mediators are required for the cytoplasmic-to-nuclear translocation of ␤-catenin. As shown in Fig. 5 , lithium-mediated inactivation of GSK3␤ led to nuclear translocation of ␤-catenin in HFK cells, thereby implicating GSK3␤ inhibition in this process. This is the first report that a human tumor virus protein, LMP2A, activates Wnt signaling through effects on PI3K, Akt, and GSK3␤. Simian virus 40 large and small T antigens and polyomavirus middle T antigen have been shown to activate Akt (33, 58, 60) , and the large T antigen of JC virus (JCV), a human polyomavirus, has been shown to interact with ␤-catenin in cotransfected HCT116 colon cancer cells and activate a c-myc promoter (14) . Furthermore, there were increased ␤-catenin and LEF-1 levels in the nuclei of T-antigen-positive cells of mouse medulloblastomas that developed in transgenic mice expressing the early genome of JCV, and a corresponding increase in the mRNA and protein levels of the ␤-catenin/ LEF-1 target c-myc was evident (19) . It is likely, therefore, that JCV large T antigen also activates ␤-catenin signaling, possibly via an intranuclear interaction directly with ␤-catenin/LEF-1 transcription complexes. In a recent report, the Kaposi's sarcoma-associated herpesvirus latency-associated nuclear antigen (LANA) was shown to interact with GSK3␤ and sequester it in the nucleus, thereby allowing ␤-catenin to accumulate and signal in primary effusion lymphoma cells (17) . Therefore, the Wnt pathway is targeted by two different oncogenic herpesvirus proteins, LMP2A and LANA, via distinct mechanisms, indicating the importance of this pathway in the genesis of herpesvirus-associated tumors.
These data reveal that LMP2A has at least two distinct effects on the process of ␤-catenin activation and signaling: cytoplasmic accumulation and nuclear translocation. Interestingly, LMP2A has been shown to interact with the Nedd4 family of ubiquitin ligases (25, 26, 56) . These interactions allow LMP2A to manipulate turnover of itself and other proteins, such as the Lyn kinase, in B lymphocytes. It is possible, therefore, that LMP2A might interact with ubiquitin ligases involved in turnover of ␤-catenin, and the best-characterized ligase in this role is the F-box protein ␤-TrCP (29) . Alterna-tively, LMP2A might affect the turnover of other proteins involved in the Wnt signaling pathway or other pathways that might indirectly regulate ␤-catenin signaling. LMP2A has recently been shown to alter expression levels of LEF/TCF family members. In bone marrow B lymphocytes of LMP2A transgenic mice, there was a 3.2-fold decrease in LEF-1 expression and a 2.6-fold increase in TCF-1 expression as determined by microarray analysis (41) . The effects on expression of factors involved in LMP2A-mediated signaling may also affect ␤-catenin-regulated transcription.
In summary, the data presented here show activation of the PI3K/Akt pathway by LMP2A in epithelial cells. Activation of the PI3K/Akt pathway by LMP2A induced the inactivation of GSK3␤, increased cytoplasmic levels of ␤-catenin, and stimulated nuclear translocation of ␤-catenin. The increase in nuclear ␤-catenin expression induced by LMP2A signaling was followed by upregulation of ␤-catenin-induced transcriptional activity. Importantly, this is a report of a human tumor virus protein that activates the Wnt/␤-catenin signaling pathway through effects on PI3K, Akt, and GSK3␤, and these data highlight the potential importance of LMP2A and the PI3K/ ␤-catenin pathway in the development of EBV-associated malignancies.
